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HIGH SPEED PLOW CYTOMETER DROPLET FORMATION SYSTEM 
j g^ry^ROU NP O? THE INVENTION 

Generally this invention relates to droplet flow cytometers 
such »s— are- .used. fpr_ the analysis and sorting of substances 
contained within separate droplets. ~ Specif lcally", -the- -invention- 
relates to aspects of such systems which act to form regular 
droplets after exit from a nozzle orifice. 

Droplet flow cytometers have been in clinical and research use 
for many years. Basically, the systems act to position small 
amounts of a substance within individual droplets of a sheath 
fluid. These droplets can be made uniform by utilizing an 
oscillator which emits a predominant frequency. These oscillations 
are usually applied to the nozzle container. Since droplet flow 
cytometry is heavily utilized in both research and clinical 
; environments, such systems have been the subject of much 
refinement. One of the facets of these systems which has been 
particularly challenging, however, is the aspect of controlling the 
drop formation. As to this aspect it has not only been difficult 
to practically achieve processing rates of much more than 40 
kilohertz, it has also been difficult to deal with the incidents of 
using relatively high power to drive the oscillators involved. 

It should be noted that each of the challenges faced in the 
field of droplet formation for flow cytometers is largely unique to 
: that field. Even seemingly similar fields such as those involving 
channel-type flow cytometers are not very analogous as they do not 
face such problems. Their operation as continuous flow devices 
rather than droplet formation devices makes much of the 
understandings available in that field inapplicable to the 
challenges and problems faced in flow cytometry droplet formation 
•ystems . 
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To some degree the challenges for droplet formation may be the 
suit of the fact that although drop formation has been modeled 
vith significant theoretical detail, in practice it still remains 
somewhat empirical subject. While on one level exhaustive 
-athematical predictions are possible, in practice these 
"predictions can- be- great lyjtempered — - and are often revised — by 
the fact that materials limitations, inherent substance variatrons,- - 
and the like contribute heavily to the end result - A number of 
•advances" in this field have even proved to be either unnecessary 
or unworkable in practice. 

The level of oscillation energy required in order to achieve 
uniform droplet formation has, prior to the present invention, been 
very subject to empirical constraints. This power (often expressed 
as a voltage amplitude applied to a piezoelectric crystal 
oscillator) has previously been in the ten volt range. 
Unfortunately, this relatively high voltage not only results in a 
need for more robust circuitry, but it also has the undesirable 
practical consequence of resulting in undesirable electromagnetic 
•missions. These emissions can impact the sensitivity of the flow 
cytometer or other nearby equipment. Further, as the desire for 
higher processing frequencies is pursued, this problem is 
compounded. Although these problems have been know for years, 
prior to the present invention it has apparently been an accepted 
attitude that in order to achieve higher frequencies, still higher 
oscillation energies are a physical requirement. This invention 
.proves this expectation to be untrue. An example of the extremes 
to which this rational had been applied is shown in U.S. Patent No. 
4361400 to Gray where droplet formation frequencies in the range of 
•300 to 800 kilohertz had been achieved. This design had required 
en oscillator powered by approximately 80 volts. The apparent 
Physical requirement of higher powers in order to achieve higher 
axoplet frequencies may have been one reason that most practical 
I** Plet flow cytometers operated only in the range of 10 to 50 kHz. 
^ e Present invention shows that such a relationship is not a 
fsical requirement and, in fact, shows that droplet formation 



speeds in the 100-200 kHz range are actually possible with only 
B illivolts of power applied to an oscillator. 

Yet another problem practically encountered in this field was 
the challenge of resonances existing within the nozzle assembly. 
~ Againy this -appears .tp_ have simply been accepted as a necessary 
incident of workable systems and may have "resulted" in _ ^an -attitude - 
imong those having ordinary skill in the art that it was not 
practical to vary frequency without unacceptable changes in the 
performance of the entire system. There also seems to have been 
some confusion as to the appropriate way to apply the droplet 
forming oscillations. U.S. Patent No. 4302166 shows that the 
oscillations are applied to the nozzle container perpendicular to 
the fluid flow, whereas, U.S. Patent No. 4361400 suggests applying 
the oscillations to the nozzle container parallel to the lines of 
flow. In fact, the present invention discloses that each of these 
systems are suboptimal in that they may even act to generate the 
resonances and variations in frequency response of the nozzle 
system. 

An even more paradoxical situation exists with respect to the 
.problem of maintaining laminar flow within the nozzle system of a 
^.droplet flow cytometer. Although those having ordinary skill in 
this field have known for years that maintaining laminar flow was 
desirable, until the present invention, practical systems utilizing 
-replacement tips have not been optimally designed so as to achieve 
xthe goal of truly laminar flow. For instance, U.S. Patent No. 
«4361400 as well as the 1992 publication by Springer Laboratory 
lentitled "Flow Cytometry And Cell Sorting", each show replaceable 
fnozzle tip designs in which laminar flow is disrupted at the 
* junction between the nozzle body and the nozzle tip. Again, such 
'^designs seem to present almost a paradox in that they obviously are 
ffabt optimum from perspective of a goal which has long been known as 
^ghose having ordinary skill in the art. The present invention not 
jS&^Y recognizes this goal but also demonstrates that a solution has 



been readily available. 

yet another problem encountered in this field is the need to 
yjjY parameters to optimize actual conditions encountered in 
processing. Again theory and practice did not mix well. While 
"systems -were .usually designed for optimum conditions, in actual 
usage such conditions rarely existed." ""Thus; as -UrS .- - Patent -No-. ... 
4070617 recognized, designs which allow variation of the substance 
output velocity within the sheath fluid were desirable. Although 
such systems permitted some variation, it was recognized that such 
variations necessarily made conditions within the flow cytometer 
suboptimal for the simple reason that there is a very definite 
physical relationship between the sheath substance and drop 
parameters which must be maintained. Since these parameters are 
veil known to those having ordinary skill in the art (as also 
indicated in U.S. Patent No. 4302166), the variations required in 
practice appear to have been accepted as a necessary evil. To some 
extent, the resulting reduced resolution appears to have been 
accepted without question. Again, the present invention realizes 
that approaches which moved conditions away from optimal were not 
a necessary incident of adapting to conditions practically 
encountered; it shows that solutions which allow for variation and 
yet maintain optimal flow conditions are possible. 

As explained, most of the foregoing problems had long been 
recognized by those having ordinary skill in the art. Solutions, 
however, had either been perceived as unlikely or not been 
recognized even though the implementing elements had long been 
available. This may also have been due to the fact that those 
having ordinary skill in the art may not have fully appreciated the 
mature of the problem or may have been due to an actual 
misunderstanding of the physical mechanisms involved. These appear 
to have included the misunderstanding that actually moving the 
^zzle was the proper way to induce the droplet forming 
oscillations and the simple failure to realize that it was possible 
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t0 coordinate the desire for replaceable nozzle tips with the 
de sire for laminar flow within the flow cytometer nozzle assembly. 
Similarly, those skilled in the art had long attempted to achieve 
Higher frequency systems which were practically implementable and 
^d attempted to achieve variations which would to the largest 
extent -possible : maintain optimal conditions. Their attempts often 
le d them away from the technical "directions- taken -by the present 
invention and may even have resulted in the achievements of the 
present invention being considered an unexpected result of the 
approach taken. 



XX. flPMMARY OP THE INVENTION 

The present invention involves a number of improvements which 
are applicable to a flow cytometer droplet system. These 
iaprovements each offer independent advantages and may be combined 
synergistically to produce a great increase in the performance of 
droplet flow cytometer s. The preferred embodiment involves a 
piezoelectric oscillator contained within the sheath fluid above a 
continuously converging nozzle container. This nozzle container 
facts to amplify the oscillations which are directly and 
JSirectionally coupled to the sheath fluid. Further, the location 
. ,|§>f the substance introduction tube may be adjusted within a 
gj-jSonvergence zone so as to vary the rate at which the substance is 
*tntroduced relative to the rate at which the sheath fluid is 
Introduced to maintain optimal conditions. In addition, a 
fSeplaceable nozzle tip is fit within an edge insert and sealed on 
Its outer surface so as' to maintain laminar flow and enhance the 
^|f||plification of the oscillation throughout the converging nozzle 
l&y. As a result of the combination of these various features, 
present invention not only achieves practical processing at 
lencies of many multiples of typical prior art devices, but it 
|o achieves these processing rates at oscillation powers which 
~ several orders of magnitude less than those typically utilized. 
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Accordingly, one of the objects of the invention is to provide 
a low power system which allows high processing rates. In 
e ping with this object, one goal is to achieve direct coupling of 
^ oscillations to the sheath fluid and thus minimize any losses 
associated with material interfaces. In keeping with this object, 
another goal is to provide for a system which actually amplifies 
the oscillations "so "as ~to~ produce- acceptable -f-luid— variations _at_ 
toe nozzle tip. 

Yet another object of the invention is to minimize the impacts 
of resonance frequencies within the nozzle system. In keeping with 
this object, a goal is to directionally couple the oscillations to 
the sheath fluid. It is also a goal to isolate the oscillations 
from imparting upon the sheath fluid in more than the desired 
direction. 



A further goal of the invention is to provide for a system 
twhich allows for the maintenance of laminar flow within the entire 
Srozzle assembly while allowing for both replaceable nozzle tips and 
Irfor internal variations. The present invention achieves the first 
^object by providing a design which avoids the unnecessary impacts 
: '^*"ot a seal on the flow condition within the nozzle container. The 
t; second obiect is achieved by providing a system which varies the 
^location at which a substance is introduced while still maintaining 
Tv optimal; laminar conditions. 

: |i' still another object of the invention is to provide for a 
4 practically implementable system. In keeping with this object, one 
?* s goal is to provide a system which can be easily cleaned and for 
- Which components can be easily replaced. A goal is also providing 
design which can be relatively easily and inexpensively 
^manufactured. 



Naturally, further objects of the invention are disclosed 
Puroughout other areas of the specification and claims. 



-6- 



m 

ttPTEF DESCRIPTION OF THE DRAWINGS 
***** 

Figure 1 is a schematic cross sectional view of an embodiment 
0 f the invention showing the various features combined. 

Figure _2_is a plot_ of the droplet onset energy of prior art 

assigns compared to that of the present invention. 

Figure 3 is a schematic cross sectional view of an alternative 
4tsign showing the automatic substance adjustment feature and a 
4irectionally coupled, external oscillator. 

Figure 4 is a cross sectional view of a replaceable tip design 
according to one embodiment of the invention. 

Figure 5 is a cross sectional view of a prior art replaceable 
■;nozzle tip design. 

' 

XV. DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

V*k : As mentioned, the present invention involves an improved flow 
;cjftometer droplet nozzle system which incorporates a variety of 
features. As shown in figure 1, the flow cytometer system (1) 
involves nozzle container (2) which establishes nozzle volume (3) . 
Hozzle volume (3) is supplied a liquid by sheath fluid port (4) 
: *hich acts to introduce a sheath fluid from some sheath reservoir 
During operation, the sheath fluid flows through nozzle 
container (2) and out nozzle exit (6); into free fall area (7). 
■ 

Since the sheath fluid is typically an unreactive substance 

• «ttch as a saline fluid and is an analytically transparent, it has 

• introduced within it some desirable substance such as cells or 
:; ;P**ts of cells or other items. This substance is maintained in 

.•Ubstance reservoir (8) and is introduced to nozzle volume (3) 
^through substance introduction port (9). Through hydrodynamic 




focusing, the substance flows and is separated into single cell 
£ttnits within the sheath fluid and exits at nozzle exit (6) . 

In order to form regular droplets, the preferred embodiment 
Utilizes a piezoelectric crystal (10) to cause oscillations (11) 
yithin the sheath fluid. These oscillations are transmitted as 
, pressure variations-through to nozzle- exit- (6) and- act to allow jet 
(12) to form regular droplets (13) through the action of surface 
tension. These processes are well understood and are further 
explained in a number of references including the 1992 reference 
entitled "Flow Cytometry and Cell Sorting" by A. Radbruch (© 
Springer-Verlag Berlin Heidelberg) and the 1985 reference entitled 
"Flow Cytometry: Instrumentation and Data Analysis" edited by 
Marvin A. Van Dilla, et al. (© Academic Press Inc. (London) Ltd.) 
each of which are incorporated by reference. 

As shown in figure l, one of the features of the preferred 
embodiment is the location of piezoelectric crystal (10) within 
nozzle volume 3. By this feature the oscillator acts to initiate 
oscillations (ll) within the nozzle volume. The oscillator thus 
may be directly coupled to the sheath fluid. These oscillations 
are transmitted through the sheath fluid as it flows out nozzle 
exit (6) and forms droplets (13) below nozzle (6) in freefall area 
(7) . Naturally, although shown to be directly below it is possible 
that the nozzle assembly could be oriented on its side or in some 
other relationships and so droplets (13) might form at some other 
location and yet still be characterized as "below" nozzle tip (6) 
since they will form in the direction that jet (12) is emitted from 
nozzle exit (6) . 

As is well understood, by allowing sheath fluid and the 
substance to exit from nozzle container (2), cells or cell 
fragments may be isolated in singular fashion within separate 
^oplets (13) for analysis by sensor (14) which feeds its 
information to analysis equipment (15) . Analysis equipment (15) 
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g^ovide the necessary data or may act to further process 
ts (13) through some equipment such as an electrode in nozzle 
(3) in combination with sorting electrostatic field 
^Ppaient (16) as is well known in the art. When electrostatic 
^^^^^^ritials are applied, they may be applied differentially to each 
^^let_ based upon the delay in droplet formation. This analysis 
^fipment (15) may also include" a separate laser which" induces - 
fluorescence and the like in specific cells to allow further 
g+ pfi ing and facilitate conducting analysis as well. 

As may be easily understood from figure 1, this type of flow 
cytoaeter, a droplet flow cytometer, operates quite differently 
from a channel forming flow cytometer. In channel-type flow 
cytometers, oscillators and the theories involved are not relevant 
as no freefall or droplet formation is required. Further, while 
the nozzle exit orifice is approximately 50 to 150 microns in 
diameter in droplet forming flow cytometers, in channel-type flow 
cytometers, the orifice can be much larger — on the order of 1000 
microns. This causes extremely different conditions and has 
resulted in the two fields being treated somewhat differently by 
those involved. 

Another feature of the invention is how the oscillator couples 
to actually cause the formation of droplets (13) . As shown in 
figure 1, the oscillator is in this embodiment piezoelectric 
crystal (10) . While, naturally, a variety of different devices 
could be used in order to achieve oscillation (11) , by using 
piezoelectric crystal (10) a host of different frequencies and 
powers are possible. It should be understood, however, that while 

use of some piezoelectric crystal is usually the preferred 
technique, the invention should not be considered as limited to 
that type of oscillator as its teachings can be broadly applied. 

As shown in figure 1, piezoelectric crystal (10) is configured 
as a ring-shaped crystal which occupies most of the top end of 
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container (2). This ring is mounted directly to nozzle 
ler (2) in a manner so as to be situated within nozzle volume 
It need not vibrate the nozzle container and, indeed is 
to avoid it. Its oscillations (11) may also be made to 
generally in a direction parallel to the central axis of 
container (2) as shown. Further, these oscillations (11) 
essentially coupled to the~¥heath~~f^^ 

ler. Thus, rather than talcing the directions suggested by 
of the prior art involving moving the actual nozzle container, 
present invention acts directly upon the sheath fluid to cause 
re variations within the sheath fluid. These pressure 
itions move down nozzle volume (3) and may actually be 
plified by the shape of nozzle container (2) so as to cause 
face tensions variations in jet (12) as it emerges from nozzle 
|t (6). These variations act to pinch off jet (12) and thus form 
plets (13). Since the sheath fluid is not substantially 
ssible, these pressure variations may pass relatively 
ittenuated and in fact may be amplified through nozzle volume (3) 
pchieve the desired droplet formation effect. While others may 
considered the desire to coupling directly to the sheath 
id, they failed to recognize ways to do this and did not 
lize that they could have positioned the oscillator within the 
Sth fluid for most efficient coupling. 



Both the direct coupling of oscillations (11) to the sheath 
d and the directional nature of the oscillations (11) 
ute to the invention's ability to achieve droplet formation 
power levels which _ are several orders of magnitude less than 
' ° f the P r ^ or a ^t. As may be understood from figure 1, 
ectric crystal (10) may directly transfer the vast majority 
energy to the sheath fluid. To further enhance the transfer 
i^fce majority of the energy into the sheath fluid (rather than 
ftozzle as often suggested by the prior art) , the invention may 
incorporate the designing of massive nozzle container elements 
^ to minimize the transfer of energy through these elements. 
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"aay be easily understood, by positioning the oscillator within 
t sh ath fluid, frequency dependencies and resonances which are 
^ the vibration of the entire nozzle container can be 
ft^ tly reduced ' Thus ' contrary to the teachings of the prior art 
Ifcicb suggested vibrating the entire nozzle container, the present 
^ISftntion can specifically avoid such vibrations. This acts to 
Vfold resonance frequencies as - might- occur - -through - -vibrations 
p-rpsndicular to the lines of flow which may be inevitable whenever 
'0* entire nozzle assembly is vibrated. Contrary to those 
twchings which have suggested mounting the entire nozzle assembly 
f*»,a flexible membrane so as to allow the entire nozzle assembly to 
Bova, the present invention relies not on movement of nozzle 
imtainer (2) but rather on pressure waves within the sheath fluid 
jiozzle volume (3). This aspect greatly reduces the amount of 
necessary to cause droplet formation and greatly reduces the 
ance of resonance frequencies which occur as a result of the 
vibration of nozzle container (2) among other aspects. 



pstire 



Referring to figure 2, the dramatic impact of these reductions 
be understood. Figure 2 shows a conceptual plot of the rough 
— of droplet formation onset versus frequency anticipated for 
present invention. As shown in figure 2, the energy (expressed 
^terms of volts applied to a given piezoelectric crystal) is 
^ced by orders of magnitude. This reduction has been 
g«onstrated for a number of frequencies. As shown in figure 2, 
^ Prior art which typically operated in the 10. volt range now 
«" v requires ten millivolts or so. 



Si 



^In addition, as shown in figure 2, it can be seen that the 
^r art was also subject to a great number of resonance frequency 
ions (shown by the peaks and valleys in the plot of the prior 
These peaks and valleys were to a large extent caused not 
. Y the amount of power required but also by designs which were 
' upon movement of the entire nozzle assembly rather than 
v Pressure waves within the nozzle assembly. In sharp 
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s t to the prior art characteristic conceptually shown in 
Ylgoxe 2, the present invention not only achieves droplet formation 
yith dramatically lower voltages but it also achieves these levels 
0Var a relatively large frequency range with very small resonance 
^fariations com p a red to those of the prior art. These relative 
plots are believed to represent significant differences in result 
between prior art des igns and those " of "the " present- invention . - 
Kbile naturally variations will occur due to the particular nozzle 
fafigns ultimately chosen, it is believed that through the 
S't«achings of the pre sent invention these dramatic variations should 
s'i||§ practically achievable in many cases. 

Referring again to figure 1, it can be seen that besides 
Ly positioning the oscillator within nozzle volume (3), the 
Sibodiment also is designed to minimize the number of material 
"terfaces through which the oscillations must pass before being 
iJparted upon the sheath fluid. While, naturally, it would be 
Visible to position piezoelectric crystal (10) directly exposed to 
sheath fluid, for contamination and other reasons, the 
ferred embodiment allows for the inclusion of protective coating 
I over piezoelectric crystal (10) . This protective coating (17) 
actually be some type of epoxy or other coating which has no 
■ency to interfere either with the sheath material or the 
Ipcillations (11) of piezoelectric crystal (10) . Again, contrary 
»ithe teachings of the prior art which involve numerous material 
faces between the oscillator and the sheath fluid, the present 
ition minimizes the number of material interfaces through which 
illations (11) must pass. Since any change in material can 
»e reflection and energy losses, the preferred design allows for 
f one interface material such as protective coating (17) . Thus, 
f one interface material exists between oscillator surface (18) 
the sheath fluid. By positioning piezoelectric crystal (10) 
F thin nozzle volume (3) not only can the interface material be 
:ed to the simple epoxy coating mentioned, but also, the 
cillator surface (18) can be positioned so as to face directly to 



^ sheath fluid. 

As mentioned, another aspect which helps the invention achieve 
its xtraordinary reduction in oscillation drive power is the fact 
^j^t the oscillator is directionally coupled to the sheath fluid. 

order to avoid resonances and energy transmissions in other than 
the des ir ed direction, " the " "present" invention - -r eoogni z es that_ 
unidirectional coupling is desirable. In order to achieve this, as 
§hown in figure 1 the embodiment provides for positioning 
piezoelectric crystal (10) so that it is detached from the sides of 
BOZZle container (2). Since all piezoelectric crystals act in a 
manner so as to conserve volume during oscillations, this avoids 
coupling the inherent perpendicular oscillations to nozzle 
container (2). Again, through this recognition, the invention can 
achieve a uniform pressure wave within the sheath fluid. Since 
oscillator surface (18) is oriented perpendicular to the primary 
&flov direction, the oscillations (11) are coupled substantially 
only as a flow direction deemed to be primary, whether the average 
Sflov direction, a specific location's flow direction, or even the 
direction at the nozzle exit (6). This allows for the oscillations 
gio be unidirectionally applied to the sheath fluid and also aids in 
fthe reduction of resonance frequencies. As shown in figures 1 and 
« this unidirectional coupling can be achieved through the 
Inclusion of a directional isolator (19). As shown in figure 3, 
Idlrectional isolator (19) may be a separate element such as a 
grabber or other material which does not transmit frequencies of the 
jjptedominant oscillation frequency. As shown in figure 1, the 
directional isolator (19) may actually be spacer (20). Spacer (20) 
f»Y be a separate element or, as shown in figure 1, may be an 
integral portion of the top or cap of nozzle container (2) so as to 
§*£Ply act to space oscillator side (21) away from nozzle container 
The unidirectional coupling of oscillations (11) to the 
]|&eath fluid may be enhanced by making oscillator surface (13) 
llv^ nar as shown in figure 1 and by making it cover most of the top 
IJtttace area. The oscillator is thus established substantially 



? - ..^hout a perpendicular cross sectional area (perpendicular to 
^ a> * 6 primarY flow direction) and will cause oscillations throughout 
Thus the ring shaped crystal design coordinates the desire to 
: *i <,« the surface area of oscillator surface (18) with the 
unidirectional desire by making it match the typically circular 
: -~ section_of_ nozzle container (2). Naturally other shapes can 

IF- *^#3t*-C9f® * "~ -— • 

«l«o be used. Further, the coupling, shown in figure- 1- and- -in~ 
^ 'figure 3 as the portion of the top section of the nozzle container 

|t|2) »ay also be P lanar and mav also be cou P led a l° n 9 onl Y one 
gplane. These each contribute to making the main oscillation area 
iuse only one direction of oscillation as can be easily 
l^nderstood . 

fee To further enhance the reduction in oscillation power 
lievable through the present invention, nozzle container 2 is 
designed as a continuously converging nozzle container. This 
to not only maintain laminar flow throughout nozzle volume 
f3|V but also to effectively amplify oscillations (11) as they 
fivel in pressure waves through the sheath fluids from 
* Eoelectric crystal (10) to nozzle exit (6). As may be 
Ipderstood from figure 1, by continuously converging it is not 
it that nozzle volume (3) must constantly or uniformly converge 
oughout its length, rather, it need only converge at all 
it ions. Thus, nozzle volume (3) has a largest cross-sectional 
located at or near its top and has continuously diminishing 
iss-sectional areas along its length through to nozzle exit (6) . 



Having a continuously converging nozzle container also helps 
Maintaining laminar flow up to nozzle exit (6) . In this regard 
Bile exit (6) should be understood to exist not only at the 
il end location of the orifice but more accurately at the point 
*ich there is a significant increase in the pressure gradient 
r«s to make changes in the angle of convergence less important. 
U** the teachings of the prior art which frequently involve 
j^ght cylindrical sections within nozzle container (2), this 
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r*f the invention specifically avoids such possibilities, 
is somewhat surprising and may be treated with skepticism by 
of ordinary skill in the art because traditional theories 
j»mrld* that once laminar flow is established such flow should 
|^I«tin ue in most a PP lications when the nozzle container does not 
sharply- .-In contrast^ jthis aspect of the invention suggests 
5e . While these traditional laminar ~f low theories -may -be- 
sriate in some instances, the continuous convergence of the 
fluid appears desirable in most droplet flow cytometers. To 
l^oxtent this may be due to the fact that the required 
Ulceration of the sheath fluid and pressure, and the resulting 
je in the friction of the sheath fluid against nozzle 
ler (2), each make a constant convergence desirable to avoid 
lar flow results. Basically it has been empirically found 
ifethrough a continuously converging nozzle container optimal 
Ltions for maintaining laminar flow can be created. 



Iln addition to the aspect of maintaining laminar flow, the 
xously converging nozzle container can provide amplification 
oscillations (11) . Similar to horn and other designs, the 
lous convergence combines with the principals of conservation 
largy so that the amplitude of the oscillations actually 
3es as it passes from piezoelectric crystal (10) to nozzle 
£(6). This amplification may be maximized not only by 
Loning the oscillator at or near the largest cross-sectional 
|Jbut also by making oscillator surface (18) to have an area 
itially as large as the largest cross-sectional area. In 
Regard by "substantially" it is meant that the oscillator 
l.'be as large as practically possible after consideration of 
>ical desire to introduce substance through the center axis 
jjttle volume (3) as well as this invention's unique desire to 
oscillator side (21) spaced apart from nozzle container 
f*he amplification may also be enhanced by providing for 
us convergence from sheath fluid port (4) through to nozzle 
As mentioned earlier, each of the foregoing aspects also 
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tribute to the present invention's extraordinary reduction in 
* power requirements. 

To create oscillations (11), piezoelectric crystal (10) is 
Ipwared through an alternating voltage source (22) as those skilled 
L|^ithe art can easily understand. Through the teachings of the 

it - invention,- - alternating., jvoltage_ _source __(_22) may be 

.©figured to stimulate the oscillator with the voltage amplitude 
^»|i«ss than 100 millivolts and thus represents orders of magnitude 
Induction in the typical voltage applied to piezoelectric 
Is in such systems. This voltage may be greater than 10 
.volts or so as that was a representative level at which 
.•t formation seems to occur. it should be understood, 
, that this limitation should not be taken as a lower limit 
•the teachings of this invention may become refined and 
itive designs may be developed which result in further 
ion in power. 
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»et another independent feature of the present invention is 
ign to allow the nozzle section to be easily replaced or 
ied while permitting laminar flow. Referring to figure 4, it 
seen that the entire nozzle container (2) may be made of 
1 components. Nozzle container (2) may consist of cap 
•on (23) to which piezoelectric crystal (10) may be attached, 
iction (23) may be attached in some sealing fashion or may 
be integral to nozzle body (24) as shown in figure l. 
ly, nozzle body (24) may be sealingly attached to nozzle tip 
Each of these seals may consist of O-rings as but one 
of the types of seals shown in figure 4. Nozzle tip (25) 
• ceramic fabricated item which includes an exit situated at 
^*P- This exit may actually be an orifice made through 
■^es known by those skilled in the art (such as the use of 
w ire and the like) so as to create a small orifice of 
50 to 150 microns in diameter. 
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0nlifc e the designs shown ^ n th e prior art such as those shown 
Imire 5/ nozzle tip (25) need not be sealed to nozzle body (24) 
i nner surface. Instead, the nozzle body inner surface (26) 

rem*** im 
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smoothly with the nozzle tip inner surface (27) at tip joint 
This smooth transition is to the degree necessary to 



^Ijjtain .laminar flow in the particular application. It can be 
ffc^iiived through the inclus" iorT of" "edge insert- -(-29) within- nozzle^ 

fbotif ( 24 * SO aS t0 allow nczzle ^P < 25 ) to be i nserted into nozzle 
(24)- In this fashion seal (30) can be positioned so as to 
the outer surface (31) of nozzle tip (25) and thus avoid 
^adverse impacts on laminar flow within nozzle volume (3). By 
^ting seal (30) off of inner surface (27) of nozzle tip (25), 
luteal can be kept away from areas which are important to laminar 
As may be understood, a great variety of designs may be 
>lished to achieve this goal. Importantly, it should be 
stood that inner surface (27) of nozzle tip (25) is defined 
Ly with respect to its function, namely, the surface which 
lets and directs the flow of sheath fluid of nozzle volume (3) . 

the definition of "smooth" is also relatively defined as 
^transitions which do not significantly interrupt laminar flow 
vis do not degrade the performance of the flow cytometer. It 
Ld also be understood that the seal between any two components 
pts the seal between nozzle body (24) and nozzle tip (25) may 
rect or indirect through the use of intervening materials or 
its. 



|let another independent aspect of the invention is the aspect 
able to adjust the location at which the substance is 
iced. As mentioned earlier, those skilled in the art have 
^recognized the need to achieve variations in the entire 
|*s to accommodate variations in conditions practically 
cienced. As shown in figure 3, the present invention affords 
>ility to vary the rate at which substance is introduced 
disrupting laminar flow and the like. This is achieved 
Jfc positioning substance introduction port (9) within 
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-gence zone (32) as may be easily understood and by varying 
^"'location of substance introduction port (9) within convergence 

(32) . As shown, substance introduction port (9) may move 
pjg the primary flow direction to maintain an optimal 

^j^tionship to the flow of the sheath fluid. Through this 
ilgtie^-the relative_cqncentrations of the substance introduced 
the sheath fluid can be varied. This can" "act - to "avoid -the- - 
>lutipn drop and the like which the prior art appeared to 
Consider unavoidable as they adapted to changing conditions. 

*i' Further, since it may be desirable to maintain equal 
Locities at substance introduction port (9), and since substance 

(33) may be moved, it is possible to include a controller (34) 
Lch receives signals from some type of sensor (14) and which may 
kto control a movement mechanism (35) and thus automatically 
lust the location of substance introduction port (9) within 
isle container (2) . Further, controller (34) may act to 

Ltionally control the pressure of substance reservoir (8) and 
ith reservoir (5) for automatic correlation of the various 
Mrs based upon location or other parameters sensed. Since the 
wretical relationship between these factors is well known for 
il conditions and since the programming or wiring of such a 
Ign could be easily achieved by those skilled in the art, a 
Lety of designs may be implemented to achieve this goal. Given 
tfgreat variety of flow cytometer systems possible, it should be 
rstood that a great variety of sensed values may be used 
ling from concentration of the substance contained within 
ince reservoir (8) , to the actual, location of substance 
luction port (9) , to the pressure of the various sheath fluid 
P^bstance fluids, to some other property of the substance sensed 
gronsor (14) . Each of these — or any combination of them and 
factors — may be adjusted automatically to achieve desired 
|tionships or to simply optimize results without regard to the 
ji*! predicted values. Naturally, in keeping with this broad 
*Pt it should be understood that sensor (14) may not be just 
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ppans^r faut ma y i n fact be a host of different sensors 
n ed at various locations depending upon the particular 
Ltion xisting within the flow cytometer desired to be sensed, 
of course, the sensor (14) will only ascertain specific 
these values can indicate results which may be used to more 
jpriately- adjust, th^ J^ation of the substance introduction 



Similarly/ a host of different designs for the location 
lOSter (shown in figure 3 as movement mechanism (35)) are 
>le. The location adjuster may also include some type of 
means (3 6), that is, some type of device which allows 
itively continuous movement with fine adjustment. It may also 
le telescoping substance tube (37) (shown in figure 3 as 
foially a redundant location adjuster for illustrative purposes 
W jor perhaps some type of slide design through the cap section. 
Implications in which the conditions remain relatively stable, 
placement substance tube of fixed length may also be provided. 

various substance tubes may be selected based upon the 
Itions encountered in that particular type of application. In 
|fashion, the limitation experienced by the prior art whereby 
Itions in pressure were used but undesirably resulted in 
il fluid velocities at the location of substance introduction 
(9) can be avoided. This affords an increase in the 
Lution. 



|The foregoing discussion and the claims which follow describe 
Eerred embodiment of the present invention. Particularly 
ptespect to the claims and the broad concept discussed, it 
||* be understood that changes may be made without departing 
§£ka essence of this patented invention. It is intended that 
jes are permissible to accommodate varying applications and 
|?till fall within the scope of this patent. It is simply not 
fcical to describe and claim all possible revisions nor is it 
al to. claim all combinations of the varying features. To 



